Three wooden Coptic icons located at Saint Mercurius Monastery in Tamooh, Giza, Egypt were comprehensively investigated in order to determine the possible causes of their deterioration. Samples from every paint used in each icon were collected spanning from the outermost varnish layer down to the ground layer. Investigation was carried out using Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS), Energy-dispersive X-ray spectroscopy (EDX) and X-ray fluorescence (XRF). For interaction between the icon layers DFT calculations at B3LYP/6-31g(d,p) level were conducted in order to study the effect of humidity on the reactivity of the binder material and its possible role in the deterioration of the icons.
INTRODUCTION
Coptic art refers to the art of Egypt produced by Egyptian Christians in late Roman, early Byzantine, early Arab and late Middle Ages. Icon is the word that describes a Coptic religious picture and is primarily associated with the paintings of the Orthodox Churches [1] . An icon is composed of five layers, support, usually a wooden panel, ground, binder, paint and varnish layer [2] .
Although thousands of icons are found in churches and monasteries of Egypt, very limited information was available about them for a long time. Recently, studying Coptic icons has been an element of interest from different aspects including description, characterization and identification, dating, interpretation, conservation and restoration [1] [2] [3] [4] [5] . Like other historic structures, Coptic icons are deteriorating with aging especially when left without conservation and restoration. However, before trying to proceed with conservation and/or restoration of an icon, it is important to determine the possible sources and causes of deterioration [6] .
The causes of deterioration of historic structures including Coptic icons can be biological, chemical and/or physical [6] [7] [8] [9] [10] . Spectroscopic and elemental analysis techniques have been extensively employed to study the causes of deterioration and effect of aging of different history and ancient structures in Egypt. The deteriorating black and red pastes used in decorating the wall of Qijmas El-Eshaqi Mosque in Cairo, Egypt were characterized and identified for the conservation process [11] . The dyes and organic stains used in silk textiles in Islamic Art museum in Cairo, Egypt were characterized as new approach for conservation treatment [12] . FTIR elucidated the changes in the chemical stability of archaeological bones as an effect of the burial environment on crocodile bones from Hawara excavation in Fayoum, Egypt [13] .
Molecular modeling approaches have also been recently applied to study cultural heritage materials [14] . Density functional theory (DFT) and wave function theory methods were employed to study the proto-isomerization mechanisms of indigo pigment and its derivatives [15] . Quantum mechanical calculations were used to study the molecular interaction between tannin dyes and protein-based historical textiles in order to identify the relative geometries and possible coordination modes [16] . Different timedepended DFT methods were used to study the electronic structures of indigo in aqueous solution in correlation with UV-Visible spectroscopy [17] . DFT quantum mechanical calculations were also implemented to study the interaction of carbonate stones with oxalates and oxamates [18] .
Nowadays molecular modeling is a promising tool to elucidate the structure as well as chemical and physical parameters of many systems whereas experimental tools are limited and/or expensive [19] [20] [21] .
The three Coptic icons under investigation are for Saint Abaskhiroun, Saint George, and Saints Maximus and Domatius. This work is conducted in order to investigate the possible reasons for deterioration of the three icons using FTIR to study the molecular structure of the icons, SEM-EDS and XRF to study the chemical elemental composition of the icons and their surface morphology. Molecular modeling calculations are also used to theoretically investigate the interaction between the metal oxides, supposedly present in the icons, and the binder material, and effect of this interaction on the reactivity of the icons to the surrounding environment. Sample  Colour  1  Green  1  Green  1  Green  2  Grey  2  Yellow  2  Blue  3  Red  3  Red  3  Green with varnish  4  Blue  4  White  4  Blue with varnish  5  Red  5  Golden  5  Frame without varnish  6  White  6  Blue  6  Varnish from the face  7  Brown  7  Golden  7  Golden background  8  Green  8 Varnish over gold 9 Golden
RESULTS

SEM-EDS.
The SEM micrographs of the samples obtained from Saint Abaskhiroun Icon, Saint George Icon, and Saints Maximus and Domatius Icon are shown in Fig. 1 , 2 and 3 respectively. All samples showed coarse surfaces with the presence of microcracks reflecting the effect of humidity and suggesting the cement-like nature of the ground material which was confirmed by EDS, XRF and FTIR to be composed of gypsum and lead white. The presence of Na, K and Cl in the great majority of the samples reflects the effect of environmental salinity on the icons which was found to be present on the outer layer of the icons, not reaching the ground layer.
The elemental compositions in terms of atomic percentage of samples from Saint Abaskhiroun icon, Saint George icon and Saints Maximus and Domatius icon are shown in Tables 2, 3 
XRF.
It is well known that XRF has a higher penetrating power than EDS with a high spatial resolution, and is thus very useful for elemental analysis inside the sample [26] .
XRF results indicated the presence of Si, Ca, Rb, Sr, Ba, Ti, Al in the ground layer and were detected in all samples, except for Sr, which was not found in the ground layer of Saint Maximus and Domatius icon. Fe was also present in all samples both in the ground and paint layers, probably in the form of Fe oxide. Pb and Zn were present in all samples both in the ground and the paint layers, probably in the form of mixtures between lead white and zinc white. Six samples from Saints Maximus and Domatius icon, where the visible colour is neither green nor blue, showed traces of Cu. The obtained XRF profiles of samples from Saint Abaskhiroun icon, Saint George icon, and Saints Maximus and Domatius icon are illustrated in Tables 5, 6 and 7 respectively, displaying the elements most relevant to each colour.  Fe, probably ochre or earth colour in the paint layer.  Au and Ag, gilding in a lower layer.  Cu. 5
 Traces of Au and Ag, probably gilding in a lower layer.
6
 Cu, probably related to a green Cu-based pigment.  As, probably representing orpiment as part of the yellow paint. 7
 Fe (also detected by EDX) probably ochre or earth colour.
8
FTIR.
FTIR analysis was conducted in order to confirm the results obtained by EDS and XRF, particularly concerning the presence of a proteinaceous material, mostly egg yolk, in the binder layer as well as the presence of metal species, mostly metal oxides that are essentially present in paint materials.
FTIR absorbance spectra of samples from Saint Abaskhiroun icon, Saint George icon, and Saints Maximus and Domatius icon are shown in Fig. 4 , 5 and 6 respectively. FTIR spectra of all samples indicated the presence of bands of N-H stretching in the range of 3300-3400 cm -1 , amide C=O stretching (amide I) in the range of 1700-1600 cm -1 and amide N-H bending (amide II) in the range of 1600-1500 cm -1 , indicating the presence of a proteinaceous material which is corresponding to the material used as the binder, mostly egg yolk [3] . The obtained FTIR spectra of all samples also indicated the presence of metal species reflected by the bands arising in the range of 1200-400 cm -1 [27] thus confirming the results obtained by EDS and XRF. Sample 7 Figure 5 . FTIR absorbance spectra of sample 1 to 7 from Saint George icon. H stretching vibration  2927 2923 2926 2928 2925 2927 2928  2923  2924  C-H asymmetric stretching vibration  2862 2858 2863 2864 2860 2862 2861  2857  2864  C-H symmetric stretching vibration  1574 1667 1572 1574 1572 1570 1565  1667  1580  Amide I  1523 1515 1517 1519 1510 1525 -
Deconvolution of FTIR spectra.
In order to further confirm the results obtained through FTIR, EDS and XRF analyses, self-deconvolution method was applied. Fourier self-deconvolution is a numerical method that is often applied in order to increase the resolution of the obtained spectra in which the intrinsic bandwidths are much greater than the instrumental resolution [28] . It was applied for two bands in each spectrum, namely the band corresponding to O-H stretching vibration (~3400-3600 cm -1 ) and the band corresponding to amide I (~1600-1790 cm -1 ).
The O-H stretching band was selected in order to evaluate the effect of aging manifested by the presence of free OH − ions which appear at higher wavenumber than that of intermolecular and intramolecular OH groups. The excessive formation of free OH − ions with aging makes them immediately available for interacting with different chemical species within the icons and in the surrounding environment [29] .
The amide I band was also selected as it is conformationally sensitive, thus commonly used to characterize the variation of the secondary structure in proteins and polypeptides [30] , and so in this study a special attention was given to this band in order to study the interaction occurring through it between the metal oxides, supposedly present in the paint materials, and the binder which would results in a new band at a slightly higher wavenumber than that of amide I band. The selected bands both before and after deconvolution are shown in tables 11, 12 and 13.
As seen in table 11, the O-H stretching vibration band of samples 2, 7, 8 and 9 of Saint Abaskhiroun icon did not require undergoing deconvolution because in each sample there are already two distinct bands at 3519 cm -1 and 3596 cm -1 corresponding to O-H stretching vibration of water molecule and O-H stretching vibration of free OH. Similarly, the amide I vibration band of samples 1, 2, 3, 4, 5 and 8 did not also require to undergo deconvolution due to the presence of two distinct bands in this region for each of those samples.
As shown in table 12, the O-H stretching vibration band of sample 6 of Saint George icon did not require undergoing deconvolution because there are already two distinct bands in this region at 3519 cm -1 and 3596 cm -1 corresponding to O-H stretching vibration of water molecule and O-H stretching vibration of free OH respectively. Also, as seen in the same table, the amide I band of samples 4, 5 and 7 did not require undergoing deconvolution because the amide I band of each sample clearly consisted of bands at 1663 cm -1 and 1619 cm -1 for sample 4, 1682 cm -1 and 1621 cm -1 for sample 5, and 1696 cm -1 and 1627 cm -1 for sample 7.
As shown in Table 13 , the O-H stretching vibration band of sample 5 of Saints Maximus and Domatius Icon did not need deconvolution as there are already two discrete bands at 3676 cm -1 and 3499 cm -1 corresponding to O-H stretching vibration of free OH and O-H stretching vibration of water molecule respectively. The amide I vibration band of samples 3 and sample 6 also did not need deconvolution as there are two distinct bands in this region for each sample, being at 1663 cm -1 and 1572 cm -1 for sample 3, and at 1667 cm -1 and 1570 cm -1 for sample 6. Sample 3  3523  3588  3533  ------Sample 4  3525  3609  3535  ------Sample 5  3513  3615  3525  ------Sample 6  3521  3613  3529  1633  1716  1623  Sample 7  ------1627  1714  1621  Sample 8 -
------1623 1667 1619 After  Sample 3  3518  3598  3531  1621  1669  1619  Sample 4  3517  3598  3525  ------Sample 5  3509  3637  3521  ------Sample 6  ------1633  1657  1621  Sample 7  3511  3592  3515 ------ 
Molecular Modeling Study.
Molecular modelling simulations were used to describe the interaction between aspartic amino acid, contained in the binder, and aluminum, iron and zinc oxides, supposedly contained in the paint layer. Fig. 7 and 8 show three metal oxides, namely Fe 2 O 3 , Al 2 O 3 and ZnO, interacting with aspartic amino acid without and with hydration, respectively.
The interaction takes place through the hydrogen bonding of COOH and NH 2 . The first carboxyl group is bridging onto Al 2 O 3 while the second is bridging onto Fe 2 O 3 . ZnO is supposed to interact with aspartic acid through one hydrogen of NH 2 group. When hydration takes place, 7 water molecules form a weak interaction as shown in Fig. 8 . Technical details are given elsewhere [31] ; here we want to remark that the structure remains reactive even after hydration with 7 water molecules and is potentially capable of causing severe deterioration of the painting layer. While the findings of [31] , need more verification in case of the interaction between amino acid and more than one metal oxide as indicated in the last research. As shown in table 14, the interaction between three metal oxides and amino acid show optimized structure at B3LYP/6-31g(d,p) the total dipole moment was 13.3374 Debye while the HOMO/LUMO band gap is 0.4065 eV. As far as water molecules interact with this configuration these values became 12.7158 Debye and 0.3967 eV respectively. The correlation between physical parameters such as total dipole moment and HOMO/LUMO band gap energies is discussed in detail earlier [32] . It is stated that higher values of total dipole moment with lower values of HMO/LUMO indicated that such molecular systems could further interact with its surrounding molecules. According to the calculations, the total dipole moment of the resulting coordination compound is high, while HOMO/LUMO band gap energy is decreased as water interacted with metal oxides/amino acid, thus increasing its reactivity to interact with the environment, in particular with water molecules from environmental humidity. This interaction may cause severe deterioration of the painting.
As indicated by the presented data, molecular modeling show the ability to confirm the experimental (FTIR, SEM-EDS, XRF) results this is not limited to cultural heritage but also for several systems whereas multidisciplinary work is needed [33] [34] [35] [36] [37] [38] . 
CONCLUSIONS
Studying and tracking the effect of aging on Coptic icons is very crucial for conservation/restoration processes and to avoid future deterioration of the icons for the same reasons. SEM micrographs of the samples obtained the three icons demonstrated the effect of aging reflected by the presence of microcracks owing to the cement-like nature of the ground layers of the icons. EDS and XRF analyses confirmed that the ground layer of the icons is made of gypsum and lead white. The binder was found to be egg yolk which was confirmed by EDS analysis that indicated the presence of an organic component and further confirmed by FTIR which showed the characteristic bands of a protein. XRF and EDS analysis indicated the presence of several metals, mostly metal oxides, in the paint layer. FTIR confirmed the presence of metal oxides reflected by their characteristic bands in the obtained spectra. DFT molecular modeling calculations of the interaction of aluminium, iron and zinc oxides with aspartic amino acid both in adsorbed and complex states, with and without hydration indicated that the reactivity of the resultant coordinated compounds under the effect of hydration from humidity is significantly increased due to conversion of metal oxides into metal hydroxides. Deconvolution of O-H stretching vibration band and amide I band in the FTIR spectra of most of the samples confirmed the computational resulting through indicating the presence of bands characteristic for free OH ions as well as the presence of bands characteristic for conformationally altered amide I band suggesting the interaction with the metal oxides of the paint layer. Molecular modeling was used to describe the interaction between aspartic acid which is contained in the binder of a painting layer, and aluminum, iron and zinc oxides which are contained in the pigments. Calculated total dipole moment of the resulting coordinated compound increases, accordingly the capability of interaction increased with the surrounding environment. Particular with water from environmental humidity, this interaction may cause severe deterioration of the painting. So, this proposed mechanism of the effect of hydration from humidity on the resultant coordinated compounds in the paint layer is suggested to be a major cause of the severe deterioration of the icons with time.
